Background/Aims: Human embryonic stem cells (hESCs) are a potential source of cells for treatment of many degenerative diseases, but in culture have a propensity to spontaneously differentiate, possibly due to suboptimal conditions. Culture at low oxygen tensions improves hESC maintenance and regulates carbohydrate metabolism. Hence, a greater understanding of the nutrient requirements of hESCs will allow production of more appropriate culture media. This study aims to investigate the effect of environmental oxygen tension on the amino acid metabolism of hESCs. Methods: The production or depletion of amino acids by hESCs cultured at 5% or 20% oxygen in the presence or absence of FGF2 was measured by reversephase HPLC. Results: Atmospheric oxygen, or removal of FGF2 from hESCs cultured at 5% oxygen, perturbed the uptake or release of individual amino acids and the total amino acid turnover compared to hESCs cultured at 5% oxygen. In particular, serine uptake was reduced at 20% oxygen and by removal of FGF2. Conclusions: Highly pluripotent hESCs, cultured at 5% oxygen, demonstrate a greater amino acid turnover than hESCs cultured at 20% oxygen, or without FGF2. These data suggest that amino acid turnover could be used as a measure of the self-renewal capacity of hESCs.
Introduction
Pluripotent, human embryonic stem cells (hESCs) are derived from the inner cell mass of the blastocyst and have the capacity to differentiate into all cells of the body [1] [2] [3] [4] . Thus, hESCs have the potential to provide an unlimited source of cells for transplantation to treat many degenerative diseases. To efficiently and safely generate cells for therapeutic use, it is necessary to ensure that hESCs are maintained in a highly pluripotent state before being directed down specific lineage pathways. However, hESCs have a tendency to spontaneously differentiate in culture. The conditions of culture may influence this.
It is now widely acknowledged that culture at a low oxygen tension is beneficial for hESC maintenance in terms of reduced spontaneous differentiation, increased expression of key pluripotency markers, enhanced proliferation, and decreased incidence of chromosomal abnormalities [5] [6] [7] [8] [9] . In addition, a reduced environmental oxygen tension has also been found to regulate the energy metabolism of hESCs [10] . Highly pluripotent hESCs cultured at a reduced oxygen tension displayed an increased expression of OCT4, SOX2, and NANOG, consumed less oxygen and pyruvate, and consumed more glucose, while producing higher levels of lactate than those maintained at 20% oxygen [10] . Interestingly, hESCs cultured at 5% oxygen in the absence of FGF2 for 16 hours displayed a metabolism similar to those maintained at atmospheric oxygen levels [10] . These observations are intriguing since the changes in energy metabolism occur prior to morphological differentiation and highlight the importance of understanding hESC nutrition and metabolism.
Amino acids represent a potential nutrient source, but the amino acid requirements of hESCs have received little attention. This is surprising since amino acids are required for many cellular processes, most notably protein synthesis, but also for pH regulation, the synthesis of nucleotides, glutathione, nitric oxide, and other signalling molecules, as well as being a potential source of energy [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Amino acids are routinely included in most culture media and have been shown to be beneficial for blastocyst development in vitro [22] . Moreover, the non-invasive measurement of amino acid utilisation by individual preimplantation human embryos following in vitro fertilisation was able to predict developmental competency not only to the blastocyst stage, but also those that would implant and give rise to a live birth [23] [24] [25] .
Although amino acid metabolism of stem cell populations has been little studied, human mesenchymal stem cells (hMSCs) have been shown to consume glutamine, arginine, aspartate, asparagine, serine, and tyrosine, while alanine, glycine and glutamate were produced [26] . Moreover, hMSCs were found to metabolise non-essential amino acids differently from other, non-stem cell lines [26] . More recently, the amino acid requirements of a hESC line were characterised and found to vary with differences in the composition of the media [27] . These data suggest that not only do stem cells have a specific amino acid requirement, but also that the content of different media impacts metabolism which will affect cellular phenotype and self-renewal. Although culture at low oxygen tension has been shown to be beneficial for hESC maintenance and is associated with a reduction in oxidative metabolism, the effect on amino acid metabolism is unknown. However, data from other cell types suggest an increase in amino acid uptake occurs under hypoxic conditions [28] [29] [30] [31] .
This study aims to investigate the impact of environmental oxygen tension on the depletion or production of amino acids by hESCs. In addition, how early hESC differentiation, through the short-term removal of FGF2, affects amino acid metabolism will also be investigated. The findings suggest that highly pluripotent hESCs cultured at 5% oxygen have an increased requirement for amino acids compared to those maintained at atmospheric oxygen tensions.
Materials and Methods
hESC culture Shef3 (supplied by the UK Stem Cell Bank) [32] and Hues-7 (D. Melton, Howard Hughes Medical Institute/Harvard University) [33] hESCs were cultured at 20% oxygen in Knockout DMEM (Invitrogen) supplemented with 15% knockout serum replacement (Invitrogen), 100 µg/ml penicillin/streptomycin (Invitrogen), 1 mM L-glutamine (Invitrogen), 1 x non-essential amino acids (Invitrogen), 0.1 mM 2-mercaptoethanol and 10 ng/ml FGF2 (Peprotech) on γ-irradiated mouse embryonic fibroblasts (MEFs; a primary source derived in institutional facilities following University of Southampton ethical review committee approval and in accordance with UK Home Office regulations). hESCs were then transferred to Matrigel (BD Biosciences) coated plates and cultured in MEF-conditioned medium at both 20% and 5% oxygen. hESCs were maintained on Matrigel at both oxygen tensions for a minimum of 3 passages prior to use.
Measurement of amino acid utilisation
hESCs were passaged onto 12-well Matrigel-coated plates and cultured in MEF-conditioned medium at either 5% or 20% oxygen. On day 3 post-passage hESCs were pre-incubated in a defined metabolic medium [23] containing 5 mM glucose, 5 mM lactate, 0.47 mM pyruvate, 0.5% human serum albumin and a known concentration of amino acids [34] for 30 minutes. The medium was then replaced with a predetermined quantity (300-500 µl) of the defined medium for 1.5-3.5 h. Cell-free wells containing medium only, subjected to the same incubation procedures, were used as controls and hence took account of any non-specific amino acid degradation or appearance. At the end of the incubation period, all but 100 µl of the used medium was collected from each well and stored at -80°C prior to analysis for amino acid content. Using measurements of cell-free control samples as a baseline, the change in amino acid concentration was calculated. The number of cells in each well was determined using a haemocytometer. This allowed the rates of amino acid depletion/production to be calculated as fmol/cell/h. To investigate the effect of early hESC differentiation, hESC culture medium was prepared in the absence of FGF2 prior to MEF-conditioning. This MEF-conditioned medium without FGF2 was used to culture hESCs for 16 hours prior to incubation in a defined metabolic medium.
The concentration of amino acids in the media was measured by reverse-phase HPLC following the method of Houghton et al. [23] , but using an Agilent 1100 series automated HPLC system fitted with a Gemini 50 x 4.6 mm column (Phenomenex). Media samples were diluted 2 in 25 with HPLC-grade water and pre-column derivatisation was achieved by the automated reaction of the diluted sample with an equal volume of the OPA (ortho-Phthalaldehyde)/β-mercaptoethanol reagent (10 µl β-mercaptoethanol diluted in 5 ml OPA). The elution gradient operated at a flow rate of 2.5 ml/min. Solvent A consisted of 800 ml sodium acetate (83 mM, pH 5.9), 15 ml tetrahydrofuran (Fisher Scientific), and 200 ml HPLC-grade methanol (Fisher Scientific). Solvent B was made up from 800 ml HPLC-grade methanol and 200 ml sodium acetate (83 mM, pH 5.9). Using this method, it was not possible to detect proline or cysteine.
Individual and total amino acid depletion and production by hESCs were determined. Total amino acid depletion, and production, was calculated by summing the amino acids depleted from, and produced into, the medium, respectively. The total turnover was calculated as the sum of the amino acids depleted from and produced into the medium.
Statistical analysis All data were tested to determine whether they were normally distributed using the D' AgostinoPearson omnibus normality test. Any differences in the utilisation of amino acids with oxygen tension or the presence or absence of FGF2 were analysed using an unpaired t-test. Differences in the total amino acid depletion, production and turnover between hESCs maintained at 5%, 20%, 5% in the absence of FGF2, and 20% oxygen in the absence of FGF2 were determined using a two-way analysis of variance followed by a Fisher's test. All data represent a minimum of three independent experiments.
Results

Two human embryonic stem cell lines show highly similar amino acid metabolic profiles at 5% and 20% oxygen
The amino acid depletion and production by two hESC lines, Shef3 and Hues-7, cultured at either 5% or 20% oxygen, were measured using HPLC following a two hour incubation in a defined medium. Negative values represent amino acids that were depleted from the medium and positive values represent production of amino acids into the medium. Total amino acid depletion, production, and turnover, by hESCs, were also calculated from the individual values.
No significant differences were found between the amino acid profiles for Shef3 and Hues-7 hESCs cultured at 5% oxygen (Fig. 1A) . Only the utilisation of glycine was found to be significantly different in a comparison of the amino acid metabolic profiles of Shef3 and Hues-7 hESCs cultured at 20% (p = 0.035; Fig. 1C ). The total amino acid depletion, production, and turnover for both Shef3 and Hues-7 hESCs cultured at 5% or 20% were also not significantly different (Fig. 1B, D) . These data demonstrate a high degree of similarity in amino acid metabolism between these two hESC lines.
Shef3 and Hues-7 hESCs were found to consume glutamine, arginine, tyrosine, methionine, valine, phenylalanine, isoleucine, and lysine when cultured at 5% or 20% oxygen (Fig. 1) . Asparagine and histidine were found to be consumed by Shef3 and Hues-7 hESCs cultured at 5%, but not at 20% oxygen (Fig. 1) . Glutamine was consistently the mostconsumed amino acid. Glutamate, glycine, and alanine were produced by both hESC lines cultured at both oxygen tensions (Fig. 1) .
Fig. 1. Shef3 and Hues-7 hESCs
show highly similar metabolic profiles. The utilisation of amino acids was compared between Hues-7 and Shef3 hESCs when cultured at 5% (A; n = 27 and n = 35 respectively) or 20% oxygen (C; n = 24 and n = 18 respectively). Positive values represent production of amino acids into the medium, whereas negative values represent amino acids that were depleted from the medium. The two hESC lines were also compared in terms of their total amino acid depletion, production and turnover at 5% (B) and at 20% oxygen (D). Bars with the same superscript are significantly different; a p = 0.035. Bars represent mean ± SEM.
Culture at 20% oxygen alters the amino acid metabolism of hESCs
To investigate whether environmental oxygen tension affects the amino acid metabolism of hESCs, the amino acid profiles of hESCs cultured at 5% oxygen were compared to those maintained at 20% oxygen (Fig. 2) . Both Shef3 and Hues-7 hESCs maintained at 20% oxygen were found to consume less asparagine (p = 0.013 and p = 0.042, respectively) and less serine (p = 0.003 and p < 0.001, respectively) than those cultured at 5% oxygen (Fig. 2) . Shef3 hESCs cultured at 5% oxygen were also found to consume more arginine (p = 0.016), isoleucine (p = 0.04), and leucine (p = 0.021) than those maintained at 20% oxygen ( Fig. 2A) .
Short-term removal of FGF2 alters the amino acid metabolism of hESCs
Previously, we have shown that the short-term removal of FGF2 leads to a reduced rate of glucose uptake and lactate production in hESCs [10] . In addition, we demonstrated that either culture at 20% oxygen or the short-term removal of FGF2 results in a reduction of SOX2, OCT4 and NANOG expression [10] . The current study aimed to determine whether the short-term removal of FGF2 also affects amino acid metabolism.
Removal of FGF2, for 16 hours, from the culture medium of Shef3 hESCs at 5% oxygen resulted in a reduced rate of serine (p < 0.001), tyrosine (p = 0.024), phenylalanine (p = 0.023), and lysine (p = 0.025) consumption and a decreased production of glycine (p = 0.022; Fig. 3A ), compared to culture at 5% oxygen in the presence of FGF2. In contrast, the shortterm removal of FGF2 from culture of Shef3 hESCs at 20% produced no differences in the uptake or production of any of the amino acids measured (Fig. 3B) . 
Cellular Physiology and Biochemistry
As removal of FGF2 from 5% oxygen culture of hESCs had previously been shown to reduce rates of glucose utilisation and lactate production in a similar way to the effect of culture at 20% oxygen, the effect of removal of FGF2 from 5% oxygen culture on amino acid metabolism has been compared with culture at 20% oxygen (Fig. 3C) . The amino acid metabolic profiles of Shef3 hESCs cultured at 5% oxygen in the absence of FGF2 for 16 hours was similar to that of Shef3 hESCs cultured at 20% oxygen. Only one significant difference was measured; a reduced rate of consumption of leucine was measured in Shef3 hESCs cultured at 20% oxygen compared with those cultured at 5% oxygen after the short-term removal of FGF2 (p = 0.03; Fig. 3C ). 
Environmental oxygen and short-term removal of FGF2 alter the total turnover of amino acids in hESCs
Shef3 hESCs cultured at 5% oxygen were found to significantly increase the total amino acid depletion and turnover (p = 0.028 and p = 0.016, respectively; Fig. 4 ), compared to those maintained at 20% oxygen. The short-term removal of FGF2 from Shef3 hESCs cultured at 5% oxygen showed a trend towards a reduction in the total amino acid depletion and turnover to rates similar to those measured for culture at 20% oxygen in the presence or absence of FGF2 (Fig. 4) . Removal of FGF2 from culture at 20% oxygen had no effect on total amino acid depletion, production or turnover when compared with culture at 20% oxygen in the presence of FGF2 (Fig. 4) . However, there was a significant reduction in the rates of amino acid depletion and turnover between hESCs cultured at 20% oxygen where FGF2 was removed for 16 hours and those cultured at 5% oxygen in the presence of FGF2 (p = 0.012 and p = 0.011, respectively; Fig. 4 ).
Discussion
Until recently, hESC metabolism had received surprisingly little attention [10, 27] , despite its importance for cell function. Previously, we have shown that environmental oxygen regulates energy metabolism in hESCs, by demonstrating an effect of oxygen tension on the rates of glucose uptake and lactate production, as well as oxygen consumption [10] . This study aimed to investigate whether oxygen tension similarly regulates amino acid metabolism in hESCs.
A number of studies have demonstrated the advantages of hESC culture at reduced oxygen tensions, including reduced spontaneous differentiation, increased expression of pluripotency markers, fewer chromosomal aberrations and increased rates of proliferation [5] [6] [7] [8] [9] 35] and low oxygen culture is thought to be more physiological [36] [37] [38] .
The amino acid requirement of hESCs has received little attention, with only a single report being published to date [27] . This study found glutamine was consistently consumed and, perhaps unsurprisingly, that amino acid metabolism was altered by the addition of fetal calf serum to the medium [27] . The current study is the first to investigate the effect of environmental oxygen on the amino acid metabolism of hESCs. The high degree of similarity for the two hESC lines investigated here (Fig. 1) and their broad similarity with a previously described hESC line suggests that the findings of the current study may be characteristic of hESCs in general and therefore might not be cell-line specific. Glutamine, arginine, tyrosine, methionine, valine, phenylalanine, isoleucine, and lysine were all found to be consumed by both hESC lines investigated when cultured at either 5% or 20% oxygen and glutamine was Fig. 4 . Environmental oxygen tension and short-term removal of FGF2 alter the total amino acid depletion and turnover of hESCs. Shef3 hESCs cultured at 5% and 20% oxygen, with or without short-term removal of FGF2 were compared in terms of their total amino acid depletion, production and turnover (n = 35 for 5% with FGF2, n = 23 for 5% without FGF2, n = 18 for 20% with FGF2, and n = 20 for 20% without FGF2).
consistently the most-consumed amino acid (Fig. 1) . Glutamate, glycine, and alanine were produced by hESCs of both lines in 5% and 20% oxygen culture (Fig. 1) . Optimisation of culture media to improve maintenance of highly pluripotent hESCs requires an understanding of the nutrient requirements of hESCs.
Several differences were found between the amino acid metabolic profiles of Shef3 hESCs cultured at 5% and 20% oxygen ( Fig. 2A) , but only two differences were found in both Shef3 and Hues-7 hESCs (Fig. 2) ; uptake of asparagine and serine was greater in hESCs cultured under hypoxia compared with those maintained at atmospheric oxygen tensions. As maintenance of hESCs under hypoxia is associated with increased expression of pluripotency markers [5, 6, 8, 9] , it may be that serine and asparagine are consumed at faster rates in hESCs at 5% oxygen because of the increased pluripotency or simply because of the hypoxic environment. Interestingly, glycine/serine metabolism has been receiving increasing levels of interest in cancer research recently because of roles that have been identified in tumorigenesis, survival of tumour-initiating cells (also known as cancer stem cells) and support of the Warburg effect, which is the characteristic of cancer cells to generate energy through glycolysis, even when oxygen is available [39] [40] [41] [42] [43] [44] . Because of the general similarities between hESCs and cancer cells, including in their energy metabolism, it is possible that serine is required for the same metabolic pathways in hESCs as it is in breast and lung cancers [40] [41] [42] [43] [44] . Serine has also previously been shown to stimulate development of 1-cell hamster embryos into blastocysts in vivo [45, 46] . As hESCs are initially derived from the inner cell mass of blastocysts, it may be that serine is performing a similar role for hESCs as it does for cells of the developing embryo. Interestingly asparagine metabolism has also been implicated in cancer biology and for the adaptation of cancer cells to hypoxia [47] [48] [49] [50] .
To investigate further whether altered amino acid metabolism in atmospheric oxygen tension is related to pluripotency, FGF2, a factor that is required to maintain self-renewal and undifferentiated hESCs [10, 51, 52] , was removed from the culture media for 16 hours. Previously, we had investigated the effect of removal of FGF2 for 16 hours in hESCs cultured at 5% oxygen and found that it induced a reduction in glucose utilisation, lactate production and expression of SOX2; similar effects to those cultured at 20% oxygen in the presence of FGF2 [10] . Interestingly, this current study found that the removal of FGF2 from hESCs cultured at 5% oxygen resulted in changes in the rate of uptake or production for five amino acids, including a reduced rate of uptake of serine, which was similar to the effect seen for culture at 20% oxygen (Fig. 3) . In fact, a comparison of the amino acid profiles of hESCs cultured at 5% oxygen in the absence of FGF2 with those maintained at 20% oxygen in the presence of FGF2 found only a single difference (Fig. 3C) , suggesting that removal of FGF2 has a similar effect on hESCs maintained at 5% to culture of hESCs at atmospheric oxygen. Finally, comparisons of total amino acid depletion, production and turnover in Shef3 hESCs maintained at 5% or 20% oxygen, with or without FGF2 added to the culture media, showed significantly reduced depletion and turnover in hESCs cultured at 20% oxygen and a similar trend in hESCs cultured at 5% oxygen after short-term removal of FGF2.
The current study has demonstrated that highly pluripotent hESCs cultured at 5% oxygen show a higher rate of amino acid depletion than those maintained at 20% oxygen. Initiating differentiation by removing FGF2 for 16 hours from hESCs cultured at 5% oxygen also leads to a reduction in the rate of amino acid depletion. These data suggest that amino acid turnover might also be able to be used as a measure of the self-renewal potential of hESC cultures. This investigation further highlights the importance of metabolism for hESC maintenance.
